e main purpose of the paper is to control chaotic oscillation in a complex seven-dimensional power system model. Firstly, in view that there are many assumptions in the design process of existing adaptive controllers, an adaptive sliding mode control scheme is proposed for the controlled system based on equivalence principle by combining fixed-time control and adaptive control with sliding mode control. e prominent advantage of the proposed adaptive sliding mode control scheme lies in that its design process breaks through many existing assumption conditions. en, chaotic oscillation behavior of a seven-dimensional power system is analyzed by using bifurcation and phase diagrams, and the proposed strategy is adopted to control chaotic oscillation in the power system. Finally, the effectiveness and robustness of the designed adaptive sliding mode chaos controllers are verified by simulation.
Introduction
Power system, one of the high-dimensional and strongly coupled nonlinear systems, often exhibits complex nonlinear dynamic behaviors. Chaotic oscillation is an important phenomenon that has attracted considerable attention in recent years [1] [2] [3] . Results show that parameter variations, energy disturbance, and time delay can induce chaos in the power system [4] [5] [6] . Since chaotic oscillation affects its stability and may cause voltage collapse and other unacceptable accidents [7, 8] , then how to effectively control chaos in the power system has become a common problem to be considered both theoretically and practically.
In recent years, various nonlinear control strategies have been applied to chaos control in power systems, such as feedback control [9] , passive control [10] , time-delay feedback control [9] , quasi-sliding mode control based on relay characteristic function [11] , variable speed synergetic control [12] , and adaptive fixed-time fast terminal sliding mode control [13] . However, all aforementioned methods are aimed at a simple two-dimensional power system model. Some scholars have also designed chaos controllers for a classical four-dimensional power system model. At present, the main control methods proposed for the model include finite-time feedback control [14] , finite-time integral sliding mode control [15] , finite-time passive control [16] , chattering-free time scale separation sliding mode control [17] , fixed-time integral sliding mode control [18] , feedback linearization based sliding mode control [19] , discrete time sliding mode control [20] , fractional order sliding mode control [21] , fast fixed-time nonsingular terminal sliding mode control [22] , and fixed-time dynamic surface highorder sliding mode control [23] . However, it is worth noting that most of these controllers are abstract control inputs without considering realizability of the controller and there are also too many control inputs (see [14] [15] [16] [17] [18] [19] [20] [21] ), which make the proposed control methods impractical.
Actually, due to the complexity of the power system model itself, studying chaos control in a more complex model has more important research value. Among many existing power system dynamic models, the seven-dimensional power system is the most complex model of all known power system models. Bifurcation and chaos phenomena in the model are analyzed in detail in [24] . Subsequently, several adverse effects of chaos on power system stability are studied based on the model in [25, 26] . Corresponding to analysis of the model, controlling its chaos still remains an important research topic. However, there is still scarce literature reporting chaos control in such a complex model. Among many nonlinear control methods, sliding mode control has attracted many scholars' attention because of its simplicity, reliability, and effectiveness. However, the designed control inputs depend on system functions according to the conventional sliding mode control method. In order to simplify the control input, adaptive sliding mode control can be designed to make its control inputs easy to be realized in engineering. However, as long as designing an adaptive controller, many assumptions will be introduced in the controller design process. e most common assumptions are the Lipschitz assumption and the bounded state variables assumption [27] [28] [29] [30] [31] [32] . Specifically, the famous Lipschitz assumption is often introduced into the adaptive controllers designed in [27] [28] [29] [30] , and it actually limits the applicability of designed controllers. In addition, it is always impossible to verify the validity of the assumption condition for complex system models. However, the adaptive controller in [31, 32] introduces assumption that state variables of a controlled system are bounded. Although the assumption is valid for chaotic systems, the application scope of the designed controller is always limited as long as it is introduced. More importantly, it is difficult to apply these control methods to control complex systems such as the seven-dimensional power system due to the introduction of these assumptions. In addition, adaptive sliding mode controllers designed in [33, 34] will behave chattering.
To solve the above problems comprehensively, an adaptive sliding mode control scheme is proposed to control chaos in the seven-dimensional power system. First, in order to ensure that the designed adaptive sliding mode controller has better control effect, a fixed-time sliding mode controller is designed for a controlled system. Based on equivalence principle of control effect, an adaptive sliding mode control scheme is proposed. e unique advantage of the adaptive sliding mode control is that no assumptions are introduced in the controller design process. en, the proposed control scheme is used to control chaotic oscillation in a sevendimensional power system. Simulation results verify its effectiveness and robustness. e main contributions of this paper are as follows: (1) Compared with other adaptive sliding mode control methods, the proposed adaptive sliding mode controller based on the equivalence principle does not introduce any assumptions, and the designed control inputs does not include system functions, which make the designed control inputs to be directly applied to such complex dynamic system as the seven-dimensional power system model. (2) Compared with other power system chaos control methods, different from the existing methods which only control a simple two-dimensional and four-dimensional chaotic power system, this paper directly control the most complex seven-dimensional chaotic power system, and the designed controller is more universal. (3) Compared with many control methods which only design abstract control inputs, this paper introduces an active energy storage device and static var compensation device commonly used in power system and designs control inputs for two devices, which make the proposed control method to have certain engineering guidance. e rest of the paper is organized as follows. e design process of the proposed adaptive sliding mode controller is given in Section 2. In Section 3, the proposed adaptive sliding mode control scheme is used to control chaotic oscillation in the seven-dimensional power system. In Section 4, the effectiveness of proposed adaptive sliding mode control method is verified by simulation. e conclusion is finally drawn in Section 5.
Adaptive Sliding Mode Control

Mathematical Basis
Definition 1 (see [35] ). Consider a differential equation system:
where x ∈ R and f(x) denotes any nonlinear function. Let the time required for the state variable of system (1) to stabilize to the origin be T(x 0 ); if for ∀x 0 ∈ R, ∃T max > 0, such that lim x 0 ⟶ ∞ [T(x 0 )] ≤ T max holds, then the state variable of system (1) is said to be stable in a fixed time.
Lemma 1 (see [35] ). Consider a continuous positive definite function V; let it satisfy differential inequality as follows:
where α > 0, β > 0, p > 0, q > 0, and k > 0, and parameters p, q, and k satisfy pk < 1 and qk > 1. Let the time required for state variable V of system (2) converging to the origin be T(V 0 ); then, V will converge to the origin in a fixed time upper bounded by a constant, that is,
Lemma 2. Consider a differential equation system:
where α 1 > 0, β 1 > 0, and m 1 , n 1 , m 2 , n 2 , m 3 , and n 3 satisfy (m 1 /n 1 ) · (m 3 /n 3 ) < 1 and (m 2 /n 2 ) · (m 3 /n 3 ) > 1, c is a constant coefficient, and c > 0. Let the time required for the state variables of system (4) converging to the origin be T(y 0 ); then, state variable y will converge to the origin in a fixed time upper bounded by a constant T max(y) , that is, lim y 0 ⟶ ∞ [T(y 0 )] ≤ T max(y) , and
Proof. Construct a Lyapunov function W � |y|; then, its derivative with respect to time is
Let the time required for the state variable W converging to the origin be T(W 0 ); from Lemma 1, we can obtain that
e proof is completed.
Consider a controlled nonlinear system as follows:
. , x N ] T ∈ R N represents state vector and x i ∈ x, i � 1, 2, . . . , N; f i (x, t) ∈ R denotes nonlinear system function of x and t; g i (x) ∈ R represents control input gain, and g i (x) ≠ 0; u i represents control input. Let the control objective of system (8) be a constant value x id ; then, control error can be written as e i � x i − x id , and one can get from system (8) that its error dynamics is
In order to ensure better control effect of the designed controller, a fixed-time control input which can make the state variable e i converge precisely to zero is designed for controlled system (9) . For the error system (9), an integral fixed-time sliding surface is designed as
where c i > 0, α 1 > 0, and β 1 > 0.
To make system state reach the sliding surface s i � 0 in a fixed time, let
where ε i > 0, α 2 > 0, and β 2 > 0. According to Lemma 2, if the control input u i is designed according to equation (11), the designed control input can make the system state reach the sliding surface s i � 0 in a fixed time; then, _ s i � 0, namely, _ e i � − c i (α 1 |e i | m 1 /n 1 +β 1 |e i | m 2 /n 2 ) m 3 /n 3 sign(e i ); this shows that when the system state reaches the sliding surface, the error e i will also converge to zero in a fixed time, thus completing the control of system (8) .
From equation (11), the expression of controller u i(ref) � u i can be solved as follows:
To design an adaptive sliding mode control input for system (8) , control input in (12) can be used as a reference and design real control input u i(real) � u i for system (8) as
where c i denotes the adaptive parameters. e design principle of adaptive law for adaptive parameter c i is to make real input u i(real) and reference input u i(ref) equivalent to each other after adaptive parameter c i converges to a constant value c * i , that is, to make u i(real) and u i(ref) satisfy the equality constraint:
where c * i represents the constant value after adjustment of adaptive parameter c i .
When the real control input of system (9) is designed as in (13) and taking constraint (14) into account, then system (9) can be rewritten as Mathematical Problems in Engineering
By substituting (12) and (14) into (15), we can obtain
To design the adaptive law for adaptive parameter c i , a Lyapunov function is constructed as
en, its derivative with respect to time is
By substituting (16) into (18), one can obtain
Design the adaptive law as
en, we can know that
It means from _ V 1 ≤ 0 that the system state finally reaches the sliding surface s i � 0, and the adaptive parameter c i converges to a constant c * i ; then, the error variable e i converges to zero, thus completing control of system (8) .
e above controller design process shows that as long as control input of system (8) is finally designed as an adaptive sliding mode controller (22) , then system (8) will be controlled to the objective:
where
Remark 1. Problems studied in [27] [28] [29] [30] can be summed up as designing an adaptive controller for controlled system (8) . However, these methods introduce Lipschitz assumption in the design process and can only control the state variable to the corresponding equilibrium point, because their stability proof processes need to satisfy f i (x 0 ) � 0, where f i (x 0 ) denotes the controlled system function and x 0 represents the control objective. While it is worth noticing that the proposed controller design process does not introduce any assumptions and any constant objective can be realized for controlled system (8) by the designed controller.
Remark 2. Problems studied in [31, 32] can also be attributed to designing an adaptive controller for controlled system (8) . However, these methods introduce assumption that state variable x i of controlled system (8) is bounded in the controller design process, i.e., the assumption that
Remark 3. Adaptive sliding mode controllers designed in [33, 34] behave obvious chattering, which makes it difficult to apply in practice. However, the proposed control inputs are continuous and there is no chattering phenomenon.
Remark 4. If disturbances and uncertainties are not considered, problems studied in [36] [37] [38] can be reduced to designing sliding mode controllers for controlled systems (8), while their control inputs include system function f i (x, t).
Since it is often difficult to obtain the exact system model in practical, then these controller design methods greatly reduce their practicability. However, the proposed controller does not contain f i (x, t), and it can be applied to control complex systems such as seven-dimensional power system.
Adaptive Sliding Mode Control for Chaotic Oscillation in Power Systems
System Model and Its Chaotic
Oscillation. e sevendimensional power system model is a most complex one among many power system models, and its dynamics can be described as [24] [25] [26] _
where δ m and s m represent generator angle and generator slip, respectively; E q ′ and E d ′ represent transient potential of damper winding on q-axis and d-axis, respectively; E fd denotes the excitation potential; δ L and V L represent voltage phase angle and amplitude of the load bus, respectively; and
Parameter coupling relationships and parameter values of system (23) are shown in the Appendix. e initial values of the power system are selected as follows: δ m (0) � 1.3331, s m (0) � 0, E q ′ (0) � 1.332678, E d ′ (0) � − 0.3283, E fd (0) � 4.198, δ L (0) � 0.2396, and V L (0) � 0.93. Among many system parameters, P m is an important bifurcation parameter to find the parameter condition for chaotic oscillation. Under the parameters given in the Appendix, and when the variation range of P m is P m ∈ [1.34, 1.363], the maximum method can be used to draw the bifurcation diagram of system state δ m varying with parameter P m as shown in Figure 1 .
From the bifurcation diagram, it can be concluded that when P m ∈ [1.34, 1.3552], the system is under periodic motion state. When P m ∈ [1.3552, 1.3605], typical period doubling bifurcations occur in the system. And in the interval P m ∈ [1.3605, 1.363] , the whole system enters into chaotic state completely, and chaotic oscillation occurs in the power system. In order to obtain the phase diagram of chaotic oscillation, let P m � 1.363, then the system phase diagram can be obtained as shown in Figure 2 . System state behaves as a strange attractor on phase diagram, and the time responses of state variables must behave as aperiodic waveforms, which are not allowed in the stable operation of the power system. erefore, the chaos controller must be designed for chaotic power systems.
Controller Design for Chaos in Power System.
e sevendimensional power system is a typical three-bus power system. e three buses include generator bus, load bus, and infinite bus. To control chaotic oscillation and restore the whole system from chaotic oscillation to stable operation, it is necessary to restore the whole system to re-synchronization and control the load bus voltage to its rated value. In this way, the chaos control problem in power systems comes down to the control of active power and reactive power of the whole system. In order to make the designed controllers have a certain engineering practical value, we connect the active energy storage device on the generator bus and static var compensation device on the load bus and introduce dynamic models of two devices [39] [40] [41] ; then, the controlled power system model can be given by combining dynamics of these devices with power system model as
where P es represents the active power absorbed by energy storage device; T es , K es , and u es represent the time constant, Mathematical Problems in Engineering control input gain, and control input of the energy storage device, respectively; B eq and T svc represent the equivalent admittance and time constant of static var compensator; K svc and u svc represent the control input gain and control input of static var compensator; Q svc � B eq V 2 L , which represents the reactive power supplied by static var compensator to load bus; and
L . To achieve the control objective for system (24) , its output is determined as follows: y 1 � δ m and y 2 � V L . en, sliding mode functions are designed as
It can be concluded from (25) that the derivative of sliding mode function σ 1 with respect to time is
It can also be concluded from (25) that the derivative of sliding mode function σ 2 with respect to time is
e system composed of (26) and (28) is expressed as follows:
_
In this way, the chaos control problem of complex sevendimensional power system is finally transformed into the control problem of two first-order systems with sliding mode functions σ 1 and σ 2 as state variables given as in (30) .
And control objective is to make σ 1 and σ 2 converge to 0, that is, the state of controlled system (24) reaches sliding surfaces
Once the system state of the power system model reaches sliding surfaces, the control objective can be achieved from (25) .
According to the proposed adaptive sliding mode control scheme, adaptive sliding mode controllers designed for system (30) (i.e., system (24)) can be expressed as follows: Mathematical Problems in Engineering
Remark 5. If the controllers for system (30) is designed according to the conventional controller design method, then the control inputs must contain complex system function terms f es and f svc . However, since the adaptive sliding mode control input (31) is given for system (30) , the terms f es and f svc will not appear in the control inputs.
Simulation
Example 1. First, the effectiveness of the proposed control method is verified. Control parameters are selected as follows: K es � 1, T es � 1, K svc � 1, T svc � 1, λ 1 � 5, λ 2 � 5, c 1 � 5, c 2 � 5, ε 1 � 10, ε 2 � 10, α 1 � 1, β 1 � 1, α 2 � 1, β 2 � 1, m 1 � 7, n 1 � 5, m 2 � 7, n 2 � 3, m 3 � 3, and n 3 � 5. It is worth noting that the random values of control parameters here are only to demonstrate the effectiveness of the proposed control method. In engineering practice, these values can be artificially adjusted according to the actual operating conditions of the system. e initial values of the adaptive parameters are c 1 (0) � 0 and c 2 (0) � 20. After the designed two adaptive sliding mode controllers (31) are put into operation, the time response curves of sliding mode functions are shown in Figure 3 . It is obvious that two sliding mode functions defined in (25) converge rapidly to 0, which indicates that the state of controlled seven-dimensional power system (24) reaches sliding mode surfaces.
In the whole control process, the adaptive parameters are shown in Figure 4 , and the two adaptive parameters are gradually adjusted to constant values. Figures 5 and 6 present the state variables of controlled power system (24) . Each state variable restores to a stable state, and chaotic oscillation in the seven-dimensional power system is effectively suppressed. e evolution process diagram of the states of the uncontrolled and controlled system in phase space is shown in Figure 7 . It can be seen that the state of uncontrolled power system eventually evolves into a strange attractor over time, while the state of controlled system evolves from the original chaotic attractor into a equilibrium fixed point in phase space e time responses of designed control inputs (31) are shown in Figure 8 , and as it can be seen that control inputs are finally stable and smooth.
Example 2. Next, the robustness of proposed control method is verified. In system (23), parameter d represents the damping coefficient of the power system; P m represents mechanical input power of the generator; Q 1d represents reactive power of the load; and P 1d represents active power of the load. Since these parameters play an important role in the operation of power system, they are considered to verify the robustness of designed controller. en consider the variation and uncertainty of these parameters (only d is an uncertainty) as follows:
where ε(t) is a step function.
In this way, the time responses of state variables of the controlled power system (24) can be obtained as shown in Figures 9 and 10 . e two figures show that the power system can still recover from the original chaotic oscillation state to the equilibrium state under the condition of parameter variation and uncertainty, which proves that the proposed control method is robust to parameter variation and uncertainty.
Conclusion
Based on equivalence principle of control effect, an adaptive sliding mode control scheme is proposed for the controlled system. e unique advantage of the scheme is that no assumptions are introduced into the controller design process, and the designed controller has a wide range of applications. e proposed adaptive sliding mode controller scheme is used to control chaos in the seven-dimensional power system model, and the effectiveness and robustness of the designed controller are verified by simulation. In addition, the method proposed in the paper can be used to control other complex systems. Compared with controlling chaos in the two-dimensional and the four-dimensional power system models in other literature studies, this paper completes the chaos control problem in a complex seven-dimensional power system model. Compared with controllers designed in many literature studies which belong to abstract control inputs, this paper introduces dynamic models of the energy storage device and static var compensation device to make the designed controller more practical in engineering. Parameters P and Q in system (23) represent active power and reactive power transmitted to the load bus, respectively, and their expressions are as follows: (A.5)
In these parameters, all values are in per unit values, except for angles, which are in degrees.
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